Somatic stem cells can shift between quiescent and active states, and between asymmetric and symmetric division modes according to the regenerative need of a tissue 1-4 . How stem cells decode and integrate various environmental inputs to adjust their proliferative behaviours remains an unresolved question with implications for our understanding of degenerative and neoplastic diseases. ISCs represent most mitosis-competent cells in the Drosophila intestinal epithelium, and can undergo symmetric or asymmetric divisions in response to dietary or stress stimuli, respectively 1-3,5 . Complex cell-autonomous and non-autonomous interactions between conserved signalling pathways (including Jak/Stat, Egfr, insulin receptor (InR) and JNK signalling) govern these responses 1-3,5 . Through asymmetric divisions, ISCs form lineage-restricted diploid progenitor cells known as enteroblasts, which differentiate into large polyploid enterocytes or small diploid enteroendocrine cells 1,3,4 . Symmetric divisions can be induced by insulin signalling and allow adaptive resizing of the gut after feeding 1 . Growth and physiology of flies is influenced by the protein concentration in the food, yet the role of specific nutrients in adaptive resizing has remained unexamined 6,7 . l-glutamate (l-Glu) is among the most abundant amino acids in proteins, and is a critical energy source for the intestine 8 . At the same time, it serves as a signalling molecule, stimulating specific membrane receptors in a wide range of cells 9 . l-Glu promotes cell proliferation in the intestinal epithelium of mice, mediated by the metabotropic glutamate receptor mGluR5 (ref. 10), yet it remains unclear whether and how this signal affects the proliferative activity of ISCs.
Hansong deng 1 , Akos A. Gerencser 1 
& Heinrich Jasper 1
Somatic stem cells can shift between quiescent and active states, and between asymmetric and symmetric division modes according to the regenerative need of a tissue [1] [2] [3] [4] . How stem cells decode and integrate various environmental inputs to adjust their proliferative behaviours remains an unresolved question with implications for our understanding of degenerative and neoplastic diseases. ISCs represent most mitosis-competent cells in the Drosophila intestinal epithelium, and can undergo symmetric or asymmetric divisions in response to dietary or stress stimuli, respectively [1] [2] [3] 5 . Complex cell-autonomous and non-autonomous interactions between conserved signalling pathways (including Jak/Stat, Egfr, insulin receptor (InR) and JNK signalling) govern these responses [1] [2] [3] 5 . Through asymmetric divisions, ISCs form lineage-restricted diploid progenitor cells known as enteroblasts, which differentiate into large polyploid enterocytes or small diploid enteroendocrine cells 1, 3, 4 . Symmetric divisions can be induced by insulin signalling and allow adaptive resizing of the gut after feeding 1 . Growth and physiology of flies is influenced by the protein concentration in the food, yet the role of specific nutrients in adaptive resizing has remained unexamined 6, 7 . l-glutamate (l-Glu) is among the most abundant amino acids in proteins, and is a critical energy source for the intestine 8 . At the same time, it serves as a signalling molecule, stimulating specific membrane receptors in a wide range of cells 9 . l-Glu promotes cell proliferation in the intestinal epithelium of mice, mediated by the metabotropic glutamate receptor mGluR5 (ref. 10 ), yet it remains unclear whether and how this signal affects the proliferative activity of ISCs.
Glutamate regulates gut growth through mGluR
To assess whether dietary l-Glu influences adaptive resizing of the intestinal epithelium, we used a modified version of the feeding protocol developed previously 1 (Fig. 1a and Extended Data Fig. 2a ). As early as 4 h after starting feeding, flies maintained on 0.1% yeast supplemented with 1% l-Glu exhibited a higher mitotic index along the intestinal epithelium (both anterior and posterior gut) than controls, and after 2 days the posterior midgut significantly increased in length, width and cell density ( Fig. 1b and Extended Data Fig. 2a, d ; feeding rates were similar between the different food recipes; Extended Data Fig. 2b ). l-Glu had to be ingested with the diet for these effects, as injection of 1% l-Glu into the animal did not increase ISC proliferation rates (Extended Data Fig. 2c ). Food supplemented with other amino acids, or in which the caloric content was increased using sugar, did not stimulate ISC proliferation (Extended Data Fig. 2e ). l-Glu feeding also increased the growth rate of ISC lineages marked by Flpout or MARCM lineage tracing systems 11, 12 (Extended Data Fig. 2f -h).
We tested whether this l-Glu response is mediated by ionotropic receptors (NMDA (N-methyl-d-aspartate) and GluRIIA, B or C) or the one metabotropic l-Glu receptor (mGluR) encoded by the fly genome, and found that ISC-specific knockdown of mGluR or homozygosity for the mGluR loss-of-function allele mGluR 112b impaired the response ( Fig. 1b and Extended Data Fig. 2i ). Desensitization or internalization of mGluR, or oxidative glutamate toxicity, may explain the observation that higher levels (5 or 10%) of l-Glu impaired ISC proliferation rather than activated it 13, 14 (Extended Data Fig. 2a ).
The concentration of freely available l-Glu in the intestinal epithelium is expected to reflect a balance between l-Glu absorption by Somatic stem cells maintain tissue homeostasis by dynamically adjusting proliferation and differentiation in response to stress and metabolic cues. Here we identify Ca 2+ signalling as a central regulator of intestinal stem cell (ISC) activity in Drosophila. We show that dietary l-glutamate stimulates ISC division and gut growth. The metabotropic glutamate receptor (mGluR) is required in ISCs for this response, and for an associated modulation of cytosolic Ca 2+ oscillations that results in sustained high cytosolic Ca 2+ concentrations. High cytosolic Ca 2+ concentrations induce ISC proliferation by regulating Calcineurin and CREB-regulated transcriptional co-activator (Crtc). In response to a wide range of dietary and stress stimuli, ISCs reversibly transition between Ca 2+ oscillation states that represent poised or activated modes of proliferation, respectively. We propose that the dynamic regulation of intracellular Ca 2+ levels allows effective integration of diverse mitogenic signals in ISCs to adapt their proliferative activity to the needs of the tissue. 1 The Buck Institute for Research on Aging, 8001 Redwood Boulevard, Novato, California 94945, USA. enterocytes and input from the diet. In the nervous system, excess l-Glu is recycled by astrocytes through Excitatory amino acid transporters (Eaat proteins) 15 . In mammals, EAAT3 (also known as EAAC1 and SLC1A1) is expressed in the apical, brush border membrane of enterocytes throughout the small intestine 16 . RNA sequencing (RNA-seq), quantitative reverse transcription PCR (qRT-PCR), in situ hybridization and an Eaat1::GAL4 reporter 17 suggested expression of Eaat1 in enterocytes of the fly gut, with specifically increased activity in the anterior midgut (Extended Data Fig. 3a -c and not shown). Silencing Eaat1 in enterocytes using the enterocyte-specific driver NP1::GAL4 (ref. 18) increased mitotic figures and the number of cells expressing the ISC marker Delta throughout the gut without triggering the canonical Jak/Stat-mediated enterocyte stress response or inducing apoptosis in enterocytes (Extended Data Fig. 3d , f, g). Overexpression of Eaat1 significantly reduced the ISC response to l-Glu feeding (Extended Data Fig. 3e ), suggesting that l-Glu resorption through Eaat1 influences free l-Glu levels in the intestine, modulating ISC proliferation and adaptive resizing. The limited glutamatergic innervation of the midgut epithelium suggests that direct regulation of ISCs by glutamatergic neurons is unlikely (Extended Data Fig. 4a-d ).
Ca 2+ oscillations in ISCs
mGluR, a G-protein-coupled receptor (GPCR), influences cytosolic Ca 2+ levels via phospholipase C (PLC) and inositol-1,4, 5-trisphosphate (InsP 3 ) 19 . Cytosolic [Ca 2+ ] is low owing to active transport that sequesters Ca 2+ into the endoplasmic reticulum (ER), the mitochondria or the extracellular space. Stimulation by growth factors, hormones or neurotransmitters triggers Ca 2+ release from these stores, leading to acute spikes in cytosolic [Ca 2+ ] as well as [Ca 2+ ] oscillations that influence a wide range of cellular functions [20] [21] [22] [23] . We used UAS-GCaMP3, a genetically encoded Ca 2+ reporter 24, 25 , to test whether intracellular [Ca 2+ ] in ISCs responds to dietary l-Glu and to mGluR activity. Variable activity of this reporter in ISCs (Extended Data Fig. 4e -g) suggested fluctuations of [Ca 2+ ] that we confirmed by live imaging using two-photon microscopy ( Fig. 2a-c Fig. 3a and Extended Data Fig. 5b-d ). We confirmed reliability of GCaMP3 by recording Ca 2+ oscillations using a bi-cistronic tdTomato-V2-GCaMP5 construct 26, 27 , and a new, ultra-sensitive (higher affinity, dynamic range and brightness) Ca 2+ reporter, IVS-GCaMP6s 28 (Extended Data Fig. 5e and Supplementary Video 2). Refeeding with 1% l-Glu-supplemented food reduced [Ca 2+ ] oscillation frequency and increased the average GCaMP3 signal intensity in wild-type ISCs (Fig. 2d , Extended Data Fig. 6a and Supplementary Videos 3 and 4). Knockdown of mGluR resulted in reduced oscillation frequency while maintaining low signal intensity under mock conditions, and prevented the l-Glu-induced increase in signal intensity ( Fig. 2d , Extended Data Fig. 6a , c and Supplementary Videos 5 and 6). These data suggested that increased ISC proliferation is associated with increased cytosolic [Ca 2+ ]. Accordingly, both oscillations and signal intensity were reduced in feeding conditions in which ISC proliferation is inhibited (Extended Data Fig. 6b ; compare with Extended Data Fig. 2a ).
The Drosophila genome encodes six different Gα subunits, three different Gβ subunits and two Gγ subunits. PLCβ , Gα q, Gβ 13F and Gγ 1 (but not Gα O, Gα i and Gα S) are required for [Ca 2+ ] oscillations in ISCs (Extended Data Fig. 6d , e and Supplementary Video 7), and knockdown of Gα q or PLCβ inhibited l-Glu-induced changes in [Ca 2+ ] oscillations and ISC proliferation ( Fig. 2d, e ). A canonical GPCR signalling pathway through heterotrimeric G proteins and PLCβ thus regulates cytosolic [Ca 2+ ] and proliferation of ISCs in response to dietary l-Glu ( Fig. 2f ).
Increased cytosolic [Ca 2+ ] triggers ISC proliferation
Ca 2+ concentrations in the ER are dynamically controlled by Storeoperated calcium entry (SOCE) [20] [21] [22] . Cytosolic Ca 2+ is pumped into the ER by Sarco-endoplasmic reticulum calcium ATPase (SERCA), or out of the cell by Sodium calcium exchanger (Ncx) or Plasma membrane calcium ATPase (PMCA) [20] [21] [22] . A decrease in ER [Ca 2+ ] is sensed by Stromal interaction molecule (Stim) , an ER membrane protein that opens the plasma membrane Ca 2+ channel Orai, allowing influx of extracellular Ca 2+ into the cytosol [20] [21] [22] . This coupled influx/efflux process is essential for Ca 2+ oscillations in non-excitable cells [20] [21] [22] and is conserved in Drosophila ( Fig. 2f and Extended Data Fig. 1b ). Genetic or pharmacological perturbation of conserved SOCE components revealed that [Ca 2+ ] oscillations in ISCs are regulated by the canonical GPCR/InsP 3 /SOCE pathway, while receptors that influence membrane polarization do not contribute to Ca 2+ signalling in these cells (Supplementary Discussion, Fig SERCA deficiency can cause mis-folding and mis-processing of Notch receptors, resulting in ISC tumours 29, 30 . We therefore assessed a possible role for Notch modulation in the proliferative response of ISCs to increased [Ca 2+ ]. Studies of Notch reporter expression, of Notch-dependent differentiation phenotypes, and of Notch gain-offunction conditions suggest that the acute mitogenic effect of sustained increased cytosolic [Ca 2+ ] can be decoupled from longer-term effects of SERCA deficiency on Notch signalling, and that increasing [Ca 2+ ] through SERCA-independent means or inducing ISC proliferation by overexpressing the Ca 2+ effector Crtc (see below) does not influence Notch activity (Supplementary Discussion and Extended Data Fig. 8 ). SERCA deficiency further does not induce ISC proliferation by triggering an ER stress response (Supplementary Discussion and Extended Data Fig. 9a, b ), and knockdown of SERCA or PMCA, or overexpression of Crtc, does not result in increased diphospho-ERK levels in ISCs (Extended Data Fig. 9c ). Our experiments thus fail to detect deregulation of Notch, ERK and ER stress signalling as associated with the acute proliferative response of ISCs to increased cytosolic [Ca 2+ ]. Although an as-yet undetected perturbation of these pathways by short-term knockdown of SERCA or PMCA cannot be ruled out, we therefore sought to identify additional Ca 2+ -sensitive regulators that may mediate the proliferative response of ISCs.
CaN/CRTC regulate ISC proliferation in response to [Ca 2+ ]
Silencing the regulatory subunit CanB2 or the catalytic subunit CanA1 of the Ca 2+ -dependent phosphatase Calcineurin (CaN), but not the Ca 2+ -dependent kinases CaMKI and CaMKII, significantly abrogated ISC proliferation induced by either RNA interference (RNAi) targeting SERCA (SERCA RNAi ), PMCA RNAi , or by co-overexpression of Stim and Orai (Stim OE and Orai OE ) (Extended Data Fig. 9d, e ). Knockdown of other CaN subunits encoded by the Drosophila genome (CanA-14F, Pp2B-14D and CanB) did not limit ISC proliferation (not shown), but overexpression of any of the three constitutively activated catalytic subunits 31 was sufficient to promote ISC proliferation (Extended Data Fig. 9f ). MARCM clones generated by ISCs homozygous for the CanB2 KO null allele 32 or expressing CanB2 RNAi grow slower than wild-type clones, while overexpressing constitutively active CanA-14F promotes clone growth (Extended Data Fig. 9g ).
The transcription factor Crtc (CREB-regulated transcription co-activator, also known as transducer of regulated CREB activity, Fig. 3d and Extended Data Fig. 9h , j), while overexpression of wild-type Crtc or constitutively active Crtc 35 alone is sufficient to induce ISC proliferation (Extended Data Fig. 9i , j). Finally, l-Glu-induced ISC proliferation is not observed in crtc homozygotes (Fig. 3e ), while Crtc is sufficient to induce proliferation independently of mGluR, Gα q and InsP 3 R (also known as Itp-r83A) ( Fig. 3f and Extended Data Fig. 9k ). Overexpressing the conserved Crtc effector CREB, CrebB-17A, also causes ISC over-proliferation (Extended Data Fig. 9l ; note that knockdown of CREB and its partner CBP leads to ISC loss, suggesting a broader role of these factors in ISC maintenance).
[Ca 2+ ] integrates mitogenic signals in ISCs
ISCs sample a variety of environmental, systemic and local cues to adjust proliferative activity to the needs of the tissue, and we asked whether [Ca 2+ ] modulation is a general feature of conditions that promote ISC proliferation. We monitored Ca 2+ oscillations in the following mitogenic conditions 1-3 36 ; Extended Data Fig. 10c ). Similar results were obtained with the bi-cistronic dTomato-V2-GCaMP5 construct (Extended Data Fig. 10d ), and changes in oscillation pattern were also found in ISCs from old guts (30 days old; Extended Data Fig. 10a, b) , which exhibit general hyperproliferation of ISCs 2,5 . Conditions in which ISC proliferation was inhibited (overexpression of CncC 37 or of dominant-negative InR (InR DN ) 38 ) increase oscillation frequency without changing average signal intensity (Extended Data Fig. 10a , b, e and Supplementary Video 10). Expression of InR DN (InR K1409A ) in ISCs inhibits bleomycin or feeding-induced proliferation (Extended Data Fig. 10f ).
To test whether Ca 2+ signalling is involved in the integration of different upstream stimuli that control ISC proliferation, we examined whether it is required for proliferation induced by the overexpression of InR and Ras V12 (representing nutrient-and growth-factor-induced ISC proliferation) or of the Jun-amino-terminal kinase kinase Hemipterous (Hep, representing stress-induced ISC proliferation), by knockdown of Notch, by Ecc15 infection, or by exposure to bleomycin. While these perturbations strongly activated wild-type ISCs, activation of ISCs in Orai, InsP 3 R, CanB2, Stim or crtc loss-of-function conditions was significantly reduced (Fig. 4a, b and Extended Data Figs 8i and 10g, i, j). Accordingly, loss of InsP 3 R or Orai prevented the increase in cytosolic [Ca 2+ ] by these perturbations (Fig. 4b and Extended Data Fig. 10h ). mGluR deficiency did not impair bleomycinor Ecc15-induced proliferation and the associated cytosolic [Ca 2+ ] increase (Extended Data Fig. 10i, k) .
Increasing cytosolic [Ca 2+ ] by knocking down SERCA or PMCA, or overexpressing Crtc is sufficient to bypass the requirement for InR in ISC proliferation (Fig. 4c, d) , as well as the requirement for Jak/Stat signalling in Ecc15-induced ISC proliferation (Extended Data Fig. 10l ). Knockdown of SERCA was not sufficient to induce proliferation in loss-of-function conditions for the ERK-regulated transcription factor Fos 39 , however, demonstrating a parallel requirement for Crtc and RTK/ERK-regulated transcription factors in the proliferative response to mitogens (Extended Data Fig. 10m ).
When [Ca 2+ ] oscillation frequency is plotted relative to GCaMP3 fluorescence across a range of conditions, proliferative and resting states of ISCs segregate into two distinct modes ( Fig. 4e and Extended Data Fig. 10n ): quiescent ISCs poised for division (as in young guts under homeostatic conditions) show frequent and robust Ca 2+ oscillations with a low level of cytosolic Ca 2+ , while highly proliferative ISCs have reduced Ca 2+ oscillations with high levels of cytosolic Ca 2+ . Conversely, ISCs in which Ca 2+ signalling is impaired by knocking down components of the mGluR/PLCβ /InsP 3 pathway show a third pattern: reduced oscillation frequency with low [Ca 2+ ], and are proliferation deficient. ISC modes segregate regardless of whether average fluorescence intensity (calculated based on raw fluorescence values, Fig. 4e ) or average baseline (calculated based on Gaussian fits, Extended Data Fig. 10n ) are plotted against oscillation frequencies, but not when mean local amplitudes are plotted (Extended Data Fig. 10n ), indicating that the primary driver of ISC proliferation is not the intensity of individual Ca 2+ spikes, but the increase in average [Ca 2+ ] in the ISC cytosol.
Discussion
We propose that the dynamic control of cytosolic [Ca 2+ ] is crucial for the ability of ISCs to undergo rapid and reversible activation and to control their proliferative activity dynamically in response to a wide range of nutrient and stress signals. InsP 3 R/Ca 2+ /CaN/Crtc signalling coordinates and integrates cellular responses to these signals (Extended Data Fig. 1a ). Exploring this integration further by assessing the role of Ca 2+ signalling in mediating proliferative responses to ER stress 40 and hemocyte-derived growth factors 41 , as well as in the shift from asymmetric to symmetric division modes in response to insulin-like peptides 1 will be of interest.
Our data suggest that cytosolic [Ca 2+ ] changes in a wide range of conditions, and a detailed characterization of the kinetics of these changes, of the relative requirement for Crtc in the mitogenic response to Egf-and insulin-like ligands, as well as of the contribution of Notch signalling deregulation in [Ca 2+ ]-induced ISC proliferation will shed further light onto the integration of the complex array of mitogenic signals sensed by ISCs.
In vertebrates, high plasma l-Glu levels and expression and activity of mGluR homologues are associated with malignancy 42,43 , and our results indicate that chronic mGluR stimulation in stem and progenitor-like cells may be a driver of proliferative deregulation. This may be particularly relevant in the intestine, where l-Glu is not only introduced by the diet, but can also be a product of the commensal microbiome 44, 45 . Understanding mGluR signalling in ISCs is thus likely to provide significant new leads for possible therapies of intestinal cancers and inflammatory diseases.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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MethODS
Experiments were not randomized, and investigators were not blinded to allocation during experiments and outcome assessment. Drosophila stocks and culture. The following strains were obtained from the Bloomington Drosophila Stock Center: w 1118 , tub::GAL80 ts , UAS-mCherry, UAS-mCD8-GFP, UAS-nls-GFP, Act5C::GAL4, UAS-InR DN , UAS-InR WT , UAS-Ras V12 , 20XUAS-GCaMP3 (BL32235), 20XUAS-IVS-GCaMP6s (BL42746), GAL4vGlut::GAL4 OK371 (BL26160), Eaat1 RNAi Flies were cultured at 25 °C with a 12-h light-dark cycle on standard yeast/ molasses-based food unless otherwise indicated (recipe for 1 l food: 750 ml H 2 O, 90 ml molasses, 25 g dry yeast, 6.5 g agar and 69.6 g cornmeal).
For Ca 2+ recording in aged flies, flies were aged at 25 °C for 30 days in cages containing populations of 20-30 flies. Flies were shifted to 29 °C 1 day before dissection and recording. Food was changed every 2 days. SERCA Kum170 , FRT42D and CanB2 KO , FRT42D chromosomes were recombined by neomycin selection. For MARCM clone induction, 2-3-day-old flies were heat-shocked at 37 °C for 1 h. Midguts from female flies were dissected for analysis at the time indicated.
ISC-specific knockdown was achieved by expressing double-stranded RNA (dsRNA) against mGluR using the ISC/enteroblast-specific driver esg::GAL4 combined with enteroblast-specific expression of GAL80 using Su(H)GBE::GAL80 (ref. 40); this driver was temperature sensitive by combining it with tub::GAL80 ts (Fig. 1b) .
The efficiency of the mGluR RNAi construct used, VDRC 103736, was tested by qPCR (Extended Data Fig. 8 ), and was further enhanced by co-expressing Dicer2; no off-targets are predicted for this construct. Bleomycin feeding and Ecc15 infection. Two-to-three-day-old flies were dry starved in empty vials for 4 h before treatment. Whatman paper (Fisherbrand; Thermo Fisher Scientific) was saturated with 25 μ g ml −1 bleomycin (Sigma-Aldrich) dissolved in 5% sucrose. Flies were dissected for pH3 staining or for Ca 2+ imaging. Bacteria Ecc15 were cultured overnight at 30 °C in LB medium. A concentrated bacterial pellet (A 600 nm of ~200), which was centrifuged from 1-ml overnight culture media, was dissolved in 1 ml 5% sucrose in Whatman paper. Flies were infected for 6 or 24 h before dissection for pH3 staining or for Ca 2+ imaging. Calcium imaging. Cytosolic [Ca 2+ ] was monitored in ISCs by expressing UAS-GCaMP3, UAS-GCaMP5 or UAS-IVS-GCaMP6s under the control of esg::GAL4 combined with Su(H)Gbe::GAL80. UAS-mCherry (or tdTomato from the bi-cistronic construct with GCaMP5) was introduced as an internal control and an indicator of stem cells, and a temperature-sensitive GAL80 ransgene was included to allow temporal control of transgene expression. Real-time recordings were performed 4 days after transgenes were induced at 29 °C. Similar Ca 2+ oscillations were observed in ISCs of age matched animals reared at 25 °C and without the temperature-sensitive GAL80 transgene (not shown). No oscillations were observed in enterocytes when GCaMP3 was expressed in these cells using NP1::GAL4 (not shown).
To visualize [Ca 2+ ] in live ISCs, fresh intact midguts were dissected in adulthemolymph-like (AHL) media (108 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 8.2 mM MgCl 2 , 4 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 5 mM trehalose (Sigma), 10 mM sucrose and 5 mM HEPES, pH 7.5). Alternatively, Shields and Sang M3 insect medium (Sigma) can be used, and imaged using two-photon microscopy. The guts were slightly stretched and pinned down in a 35-mm Petri dish previously one-third filled with Sylgard (Dow Corning). Peristaltic movements were minimized by paralyzing the visceral muscle with isradipine (10 μ g ml −1 , Ca 2+ oscillations in ISCs are unaffected by isradipine; Extended Data Fig. 5f ). Ca 2+ signals were imaged using a Zeiss LSM 7MP two-photon microscope equipped with a Chameleon XR laser (Coherent) running at 950 nm and using a W Plan-Apochromat 20 × 1.0 numerical aperture (NA) lens. The posterior midgut area was recorded as time lapses of z-stacks comprising 17 4-μ m-spaced planes every ~15 s. GCaMP3/5/6s emission was captured at 500-550 nm and mCherry/tdTomato emission at 575-610 nm.
Using automatic and manual image stabilization in Image Analyst MKII (Image Analyst Software) the movement of the gut was compensated for and mean intensities were determined in regions of interests in mean intensity projection images of the recorded z-stacks. Oscillation patterns were either calculated 'manually' or in an unsupervised, automated manner in Mathematica 8.0 (Wolfram Research). For the 'manual' calculation, oscillation frequency was determined by counting individual peaks of GCaMP3:mCherry fluorescence emission ratio observed during 12-min recordings, and average Ca 2+ levels were calculated for each cell as the average fluorescence ratio for the entire timeline of the experiment using Excel. Automated analysis was performed by first detecting peaks based on the second temporal derivative of the GCaMP:mCherry fluorescence emission ratio followed by a Gaussian fit of each detected oscillation spike. The local amplitude of oscillation spikes and the baseline Ca 2+ level between oscillations were calculated from the fit parameters. Statistical analysis using unpaired Student's t-tests or ANOVA was performed in GraphPad Prism5 as indicated in the figures. Videos were generated using NIH Image J.
For pharmacological manipulations, guts were incubated in AHL media containing the respective compounds for 5-10 min and then imaged immediately. Isradipine, CdCl2, LaCl3, thapsigargin and EGTA were purchased from Sigma and 2-APB was from Tocris. Immunofluorescence imaging. Intact guts were dissected, fixed and stained by immunohistochemistry following standard protocols 18, 40, 46 . Guts were dissected in PBS and fixed for 45 min at room temperature in 4% formaldehyde. All subsequent washes (1 h) and antibody incubations (4 °C overnight) were performed in PBS, 0.5% bovine serum albumin and 0.1% Triton X-100. Delta staining was performed following the methanol-heptane fixation method described previously 47 .
Primary antibodies and dilution: rabbit anti-β-galactosidase (Cappel), rabbit anti-dpERK (Cell 621 Signaling, 1:200), rabbit anti-peIF2α antibody (Cell Signaling: 3597, 1:150), rabbit anti-622 VGlut (gift from A. DiAntonio), rat anti-Delta (gift from M. D. Rand, 1:1,000), anti-phospho-histone H3 Ser10 (Upstate, 1:1,000), and anti-prospero, anti-armadillo, anti-β-galactosidase and anti-Delta (Developmental Studies Hybridoma Bank), 1:300, 1:250, 1:100, and 1:100, respectively. Alexa-Fluor-647-anti-HRP and all fluorescent secondary antibodies were from Jackson Immunoresearch. Phalloidin (Invitrogen, 1:400) was used to label the visceral muscle in the midgut in Fig. 2c . DAPI was used to stain DNA. All images were taken on a Zeiss LSM 710 confocal microscope and processed using Adobe Photoshop, Illustrator and Image J.
For gut cross sections, guts were fixed using methanol/heptane and briefly washed twice in PBS. The posterior midgut was cut into sections of 0.2-1 mM in thickness by a fine steel blade. The gut pieces were flipped and mounted sagittally. In situ hybridization. The protocol was adapted from ref. 48 using digoxigenin (DIG)-labelled RNA probes detected by NBT/BCIP assay (DIG nucleic acid detection kit, Roche). The following primers were used to generate RNA probes for Eaat1: forward 5′-AGATTGCTACCAGAGCCATTAC-3′ and reverse 5′-GCACCAACAGGAATGACAAATC-3′ . Gut growth measurement. The width of the 'distal hairpin' was measured as an indicator of gut growth. The distal hairpin region is adjacent to the copper cells in the posterior midgut. The width of this region was measured using ZEN software and reported as arbitrary pixel values. Gut length (pixel) was measured by ImageJ. For cell density measurement, a 70 × 70 μ m area in the posterior midgut was chosen and cell number was counted based on DAPI staining. At least 10 guts of each genotype were counted. CAFÉ assay and food intake experiment. Food naive control flies were water starved for 2 days and refed with the CAFÉ assay based on ref. 49 with minor modification. In brief, capillaries filled with liquid food (5% sucrose or 5% sucrose plus 1% glutamate) were marked with lines before and after 4 h feeding. The length in between (in cm) was calculated and compared in control food and glutamate supplemented food. At least three sets of biological replicates were compared for each food condition.
For coloured food ingestion experiments, groups of ddH 2 O starved food naive control flies were transferred onto fresh food medium as indicated containing 2.5% (w/v) blue food dye (FD&C Blue Dye no. 1). Images were taken by Zeiss dissection microscope after 4 h ingestion. Glutamate feeding. The feeding regimen is based on ref. 1 with minor modification. In brief, black pupae raised on regular cornmeal/molasses food were collected and transferred to new empty vials with ddH 2 O soaked Whatman paper. To allow for transgene induction, flies were shifted to 29 °C 2 days before hatching. After eclosion, food-naive flies were water starved (soaked Whatman paper) for another 2 days at 29 °C. Flies were then refed protein restricted food supplemented with various amounts of l-Glu for the periods indicated in the figures. Restricted food recipe: 5% sucrose, 1% agar and 0.1% yeast. l-Glu (G5889), l-Gly (G2879), l-Asp (A9256), l-Ser (S4500), l-Cys (168149) and l-Gln (90114C) were purchased from Sigma. Amino acids were dissolved in water and mixed with the boiled restricted food at different concentrations. Food was changed daily. For pH3 staining and gut growth, flies were dissected, fixed and stained by standard protocols. For Ca 2+ imaging after l-Glu treatment, food-naive flies were ddH 2 O starved for 2 days at 29 °C and recorded in regular AHL media or AHL plus 1% glutamate. Glutamate microinjection. The injection protocol was as described previously 41 . In brief, thin sterile glass capillaries were filled with the indicated solutions and 50 nl were injected into the thorax of female adults using a NanojectII apparatus (Drummond). Fluid dispersed throughout the animal as indicated by blue food dye (FD&C Blue Dye no.1) mixed into the solutions. To study whether circulating glutamate can influence ISC proliferation in the starvation/refeeding paradigm, food-naive flies were starved on water for 2 days and injected with PBS or 1% glutamate in PBS. The injected flies were recovered and raised in restricted food condition (0.1% yeast, 5% sucrose and 1% agar) for the indicated time periods before dissection. qRT-PCR analysis of gene expression. Total RNA was extracted from dissected guts (10 per sample) or heads (4 per sample) using Trizol, and cDNA was synthesized using Superscript III (Invitrogen). qPCR was performed in triplicate for each sample from two independent (Extended Data Fig. 9m ) or three independent (Extended Data Fig. 3c, f ) experiments using SYBR Green on a Biorad IQ5 system. Expression was normalized with Act5C. Primer sequences for RT-PCR. The following primers pairs were used: Act5C (forward): 5′-CTCGCCACTTGCGTTTACAGT-3′, Act5C (reverse):
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Extended Data Figure 1 | Integration of stress and dietary signals by Ca 2+ signalling. a, We propose that Ca 2+ signalling integrates and transduces nutritional and stress signals from the environment and from systemic and local paracrine sources to respond appropriately to tissue needs. In homeostatic conditions, ISCs are largely quiescent. Glutamate derived from protein in the food is absorbed by enterocytes through Eaat1, which is expressed throughout the gut, but at relatively higher levels in the anterior midgut. We propose that excessive dietary l-Glu is not efficiently resorbed by enterocytes and activates mGluR in ISCs. The l-Glu signal is integrated with local and systemic stress and growth factor signals to promote ISC proliferation in a CaN/CRTC dependent manner. CaN/ CRTC signalling is required and sufficient downstream of InR and Jak/Stat signalling to induce ISC proliferation. We propose that Crtc acts together with other transcription factors regulated by InR and Jak/Stat signalling. b, Ca 2+ signalling components in Drosophila (Extended Data Fig.1b ).
Extended Data Figure 3 | ISC regulation by Eaat1. a, Eaat1 transcript is enriched in the anterior midgut. In situ hybridization with antisense RNA probes against Eaat1 (detected using NBT/BCIP; sense probes shown in bottom panels). Guts overexpressing Eaat1 in enterocytes (Eaat1 OE ), or depleted of Eaat1 in enterocytes (Eaat1 RNAi ) used as positive/negative controls. b, Expression pattern of Eaat1::GAL4 in midgut. Expression of Eaat1:: GAL4> UAS-GFP (green) in anterior and posterior midgutis shown in higher magnification in the bottom panels. Cell membranes highlighted by anti-armadillo staining (red). c, Knockdown efficiency of Eaat1 RNAi determined by qRT-PCR. Eaat1 RNAi (BL43287) was used to knockdown Eaat1 in the gut using NP1::GAL4, tub::GAL80 ts (29 °C for 10 days). NP1::GAL4 ts (NP1::GAL4; tub::GAL80 ts ) drives expression in enterocytes throughout the gut when flies are shifted to 29 °C. Ten guts were pooled for RNA extraction and three independent groups were repeated for evaluation. d, Knocking down Eaat1 in enterocytes promotes ISC proliferation. Distribution of mitotic ISCs and percentage of Dl + cells in intestines of flies in which Eaat1 was knocked down in enterocytes shown in the middle panels. Representative image from confocal microscopy is shown on the right. Arrowheads point to select ISCs identified by anti-Dl staining (white). e, Overexpressing Eaat1 in enterocyte suppresses l-Glu-mediated ISC proliferation. Eaat1 was overexpressed in enterocytes using NP1::GAL4 ts (NP1::GAL4; tub::GAL80 ts ) at 29 °C. Flies were shifted to 29 °C before hatching, then maintained on normal food (0.1-0.3% l-Glu) for 4 days. Flies were then starved (with water) for another 2 days. Mitotic index was determined in intestines of flies refed with 1% glutamate for 6 h as shown in a. f, upd3 transcript in whole guts quantified by qRT-PCR (transcript levels normalized to Act5C). g, Knocking down Eaat1 in enterocytes by NP1::GAL4 ts does not increase Jak/Stat signalling activity in the posterior midgut. 2× STAT-GFP is an activity reporter for Jak/Stat signalling (green). Apoptosis in enterocytes is indicated by TUNEL staining (bottom, apoptotic nuclei in red). As a positive control, bleomycin (25 μ g ml −1 ) treatment strongly induces 2× STAT-GFP expression in visceral muscle and epithelium, results in widespread TUNEL-positive nuclei in the intestinal epithelium, and substantially increases upd3 transcripts in the posterior midgut. Data are mean and s.e.m. P values are from ANOVA (d (middle) and f) and Student's t-test (c, d (left and right) and e). The sample size is n = 3 independent samples for each condition in c, n = 12 guts for each condition (mitotic figures), and n = 14 guts for control and n = 24 guts for Eaat1 RNAi (percentage of Dl + cells) in d; n = 15 for control and n = 21 guts for Eaat1 OE in e; n = 3 independent samples for each condition in f. For d and e, a representative experiment is shown (three biological replicates). For a, b and g, representative images from a representative of two independent experiments are shown (a: n = 8 for each condition; b: n = 12; g (left): n = 12 per condition, and g (right): n = 9 per condition).
